The lipid composition of a strain of each of two yeasts, Saccharomyces cerecisiae and Kloeckera apiculata, with different ethanol tolerances, was determined for cells grown with or without added ethanol. An increase in the proportion of ergosterol, unsaturated fatty acid levels and the maintenance of phospholipid biosynthesis seemed to be responsible for ethanol tolerance. The association of ethanol tolerance of yeast cells with plasma membrane fluidity, measured by fluorescence anisotropy, is discussed. We propose that an increase in plasma membrane fluidity may be correlated with a decrease in the sterol:phospholipid and sterol:protein ratios and an increase in unsaturation index.
Introduction
Many studies have reported the role of the plasma membrane lipid composition in ethanol tolerance [1, 2] . However, there have been many discrepancies between the reports on the effect of ethanol on lipid composition. Supplementing cultures with increasing ethanol concentrations
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has led to an increase in the proportion of mono-unsaturated fatty acyl residues in cellular phospholipids with a concomitant decrease in the proportion of saturated residues [1, 3] . In contrast, an increase in C18:1 fatty acyl residues was accompanied by an associated decrease in C16:1, instead of C16:0, when cells were grown in the presence of ethanol [4] . According to Beavan et al. [1] , high ethanol tolerance of yeast cells is correlated markedly with a high unsaturation index. On the other hand, the results obtained by Del Castillo [5] are not consistent with the role attributed to fatty acid unsaturation as an adaptive response to ethanol. The various studies, which have focused on the effect of ethanol on the sterol composition of the yeast cells, have also yielded different observations. While Walker-Caprioglio et al. [6] reported a decrease in sterol content, when cells were grown in the presence of ethanol, Novotny et al. [7] observed an increase in the level of sterols of ethanol adapted yeast cells. The differences observed of changes in lipids during exposure to ethanol, would not produce the same physiological state. Yeast tolerance to ethanol has been correlated with membrane fluidity and both phenomena have been associated with membrane lipid composition [1, 3] . In these studies, changes in fluidity have not been measured directly, but have been inferred from an increase in lipid unsaturation index at increasing ethanol concentrations. Direct fluidity measurements question the relationship between phospholipid fatty acids unsaturation index and fluidity. Although ceils grown under anaerobiosis contain a lower level of unsaturated fatty acids than cells grown in aerobiosis, they exhibit a higher membrane fluidity [8] .
In order to understand better the role of the lipids in ethanol tolerance and their relationship to membrane fluidity, we compared the lipid content of two yeasts with different defined ethanol tolerances and measured the plasma membrane fluidity by fluorescence anisotropy when the yeast cells were grown aerobically with or without ethanol.
Materials and Methods
Saccharomyces cerevisiae strain 3079 (selected by Bureau Interprofessionnel des Vins de Bour- Table 1 Quantitative changes in cell composition in response to ethanol gogne 21000 Beaune, France) and Kloeckera apiculata ATCC 66165 were grown aerobically at 25°C with orbital shaking (250 rpm) in 500 ml flasks containing 250 ml YPD or YPDE medium. YPD contained 0.5% (w/v) yeast extract, 1% (w/v) peptone and 2% (w/v) glucose. YPDE was YPD to which 4% (v/v) ethanol was added for Kloeckera apiculata or 10% (v/v) ethanol for Saccharomyces cerevisiae. Cells were harvested by centrifugation at mid-exponential phase of growth. Dry weight was estimated for each strain in the two growth condition as reported previously [9] and protein content in yeast cells as described elsewhere [10] . Lipids were extracted as described by Rose and Veazey [11] . The total lipid content was determined gravimetrically after drying the lipid extract. The total phospholipid content was determined and calculated as previously described [12] . The phospholipids were obtained by thin layer chromatography, the phospholipid band was scraped off and fatty acids phospholipids methylated [11] . Gas chromatographic (GC) separation of methyl esters was with a chrompack apparatus (capillary column 25 m × 0.52 mm); column temperature from 120°C to 250°C at 2°C/min. The injector port was at 250°C, the detector port at 300°C, the carrier gas (N 2) pressure was 40 kPa.
The analysis of total sterols requires saponification of the lipid extract, using ethanolic KOH at 33% (w/v). Sterols were extracted and trimethylsilyl (TMS) esters were prepared [l 1]. Separation of TMS derivatives was by GC and authenticity of the identified components based on known compounds and verified by gas chromatography-mass spectrometry [13] . Spheroplast formation for fluidity measurements was as described previously [9] . The fluidity of the plasma membrane of spheroplasts was determined by measuring the fluorescence anisotropy with 1,6-diphenyl-l,3,5-hexatriene (DPH) as a probe. The analytical parameters used and calculations were as described previously [91.
Results and Discussion
A previous study [9] , has shown that the K i (the ethanol concentration that reduced the specific growth rate by 50%) for Kloeckera apiculata and Saccharomyces cerevisiae were, respectively, 4% (v/v) and 10% (v/v) ethanol.
As shown in Table 1 , a significant reduction in the level of the phospholipid content was observed, when 4% (v/v) ethanol was added to the growth medium of Kloeckera apiculata, while Saccharomyces cerevisiae grown in YPDE maintained the same level of phospholipid as the control cells. These results support the idea that high ethanol tolerance is linked to the ability to maintain a high rate of phospholipid biosynthesis, as suggested previously for Schizosaccharomyces pombe [14] . The addition of ethanol to the growth medium resulted in 57.1% and 37.5% decrease in sterol level for Saccharomyces cerevisiae and Kloeckera apiculata respectively (Table 1) . These 19 results suggested that sterol synthesis was reduced, which could presumably lead to a decrease in sterol availability, especially with respect to the bulk membrane function. A decrease in sterol content in cells exposed to ethanol has already been reported [6] . In contrast Novotny et al. [7] have reported an accumulation of A 5-7 sterols during growth in the presence of ethanol for Saccharomyces cerevisiae and Del Castillo [5] found a decrease in the ergosterol content when ethanol in the medium was increased to 6% (v/v), followed by a marked increase at the highest ethanol concentration. We have no explanations for these discrepancies; furthermore, quantitative analysis of sterol is not sufficient when dealing with ethanol tolerance. The sterol composition, as revealed by gas chromatography, showed a large accumulation of ergosterol in Saccharomyces cerevisiae, compared with Kloeckera apiculata, when both yeast strains are grown in YPDE (Table 2 ). The increase in ergosterol, in comparison with the decrease in zymosterol, is important as the unsaturation at the C8 position of zymosterol produces a less planar molecule than the 5,7 unsaturation of ergosterol [15] . Our results show that ethanol tolerance in yeast is correlated with a high proportion of ergosterol. Quantitative and qualitative alterations in sterol composition in yeast were expected to induce changes in membrane fluidity.
Since high fluidity could be associated with a low sterol to protein ratio [16] and low sterol to phospholipid ratio [12] , these ratios have been Table 2 The influence of ethanol on Saccharomyces cerevisiae 3079 determined. Both sterol :protein and sterol: phospholipid ratios decreased relative to those of control cells, when Saccharomyces cerevisiae cells were grown in the presence of ethanol (Table 3) . Thus growth in the presence of ethanol would result in a greater cell membrane fluidity for Saccharomyces cerevisiae. We were unable to draw any conclusions from the alteration in membrane fluidity for Kloeckera apiculata. In view of the sterol : phospholipid ratio, there should have been difference in plasma membrane fluidity between the two growth conditions. On the other hand, when cells were grown in YPDE medium, we expected an alteration in membrane fluidity since the sterol:protein ratio changed (Table 3) . Another indirect plasma membrane fluidity estimation often used is the unsaturation index, determined from the fatty acid composition. The fatty acid composition of phospholipids from whole cells of Kloeckera apiculata and Saccharomyces cerevisiae are given in Table 4 . For the high ethanol tolerant yeast strain of Saccharomyces cerevisiae, ethanol induced an increase in the proportion of C18 : 1 at the expense of C16 : 0 fatty acids, these changes resulting in an increased unsaturation index (Table 4 ). An increase in C18:1 was also shown for the low ethanol tolerant yeast strain Kloeckera apiculata, grown in the presence of ethanol, but a concomitant decrease in C16:1 was observed, instead of C16:0, so the unsaturation index value was unchanged (Table 4) . Many groups have established that an increase in the unsaturation index represents an adaptation to the increase in ethanol concentration in the culture [1, 3] , which leads to a greater membrane fluidity. We did not observe any increase in the unsaturation index for Kloeckera apiculata after exposure to ethanol, but the unsaturation index values were the same for both strains, which possess different ethanol tolerances. Hence, the adaptation mechanism is related to the capacity of the cell to increase the Table 4 Fatty acid composition of phospholipids of Saccharomyces cerec'isiae 3079 Culture conditions as in Table 1 . The unsaturation index corresponds to the % of total unsaturated fatty acid. Results are the mean of four independent experiments +-standard deviation. proportion of unsaturated fatty acids rather than the unsaturation index value. The behavior of the lipophilic probe DPH was used to determine whether ethanol did in fact have an effect on membrane fluidity. The results obtained by direct fluidity measurements were consistent with the results expected, which suggested a greater membrane fluidity (decrease in anisotropy value) for Saccharomyces ceret,isiae adapted to ethanol compared with control cells based on chemical analysis (Table 5 ). For Kloeckera apiculata, since no changes in the unsaturation index value and sterol:phospholipid ratio were observed between the two growth conditions, a comparable fluidity was expected, however anisotropy measurements show an increase in membrane fluidity when Kloeckera apiculata cells were grown in ethanol (Table 5 ). Addition of increasing ethanol concentrations in the incubation medium still induced an increased fluidity on Kloeckera apiculata grown in YPDE, which was not the case for the ethanol exposed cells of Saccharomyces cerevisiae (Table 5) . Thus the ethanol exposed-cells of Saccharomyces cereL, isiae appeared to have been modified so that they were refractory to the ethanol-induced change in the measured physical properties. These results agree well with the Electron Spin Resonance study, in which an increased fluidity was observed when Saccharomyces cerevisiae was grown in the presence of ethanol [17] . On the other hand, in a previous study [6] , no changes were observed between the two growth conditions, which could be due to the low ethanol concentration used (6% v/v).
Our results emphasize the importance of the cell lipid composition on ethanol tolerance. However, we stress that fluidity indirectly deduced from sterol : phospholipid, sterol : protein ratios or the unsaturation index did not always reflect the real state of the plasma membrane, especially with species other than Saccharomyces cerevisiae. The direct measurements of plasma membrane fluidity on two different and defined ethanol tolerant yeast strains have led us to report that ethanol tolerance is connected with high membrane fluidity. All the changes in the lipid composition induced by ethanol showed that cells possess different mechanisms to respond to ethanol stress, which could explain the discrepancies observed between different studies.
